The Sir2 (silent information regulator 2) family of histone/protein deacetylases has been implicated in a wide range of biological activities, including gene silencing, life-span extension, and chromosomal stability. Their dependence on ␤-NAD ؉ for activity is unique among the known classes of histone/protein deacetylase. Sir2 enzymes have been shown to couple substrate deacetylation and ␤-NAD ؉ cleavage to the formation of O-acetyl-ADP-ribose, a newly described metabolite. To gain a better understanding of the catalytic mechanism and of the biological implications of producing this molecule, we have performed a detailed enzymatic and structural characterization of O-acetyl-ADP-ribose. Through the use of mass spectrometry, rapid quenching techniques, and NMR structural analyses, 2-O-acetyl-ADP-ribose and 3-O-acetyl-ADP-ribose were found to be the solution products produced by the Sir2 family of enzymes. Rapid quenching approaches under singleturnover conditions identified 2-O-acetyl-ADP-ribose as the enzymatic product, whereas 3-O-acetyl-ADP-ribose was formed by intramolecular transesterification after enzymatic release into bulk solvent, where 2-and 3-O-acetyl-ADP-ribose exist in equilibrium (48:52). In addition to 1 H and 13 C chemical shift assignments for each regioisomer, heteronuclear multiple-bond correlation spectroscopy was used to assign unambiguously the position of the acetyl group. These findings are highly significant, because they differ from the previous conclusion, which suggested that 1-O-acetyl-ADP-ribose was the solution product of the reaction. Possible mechanisms for the generation of 2-O-acetyl-ADP-ribose are discussed.
The Sir2 (silent information regulator 2) family of enzymes is a unique class of histone/protein deacetylases that are conserved from prokaryotes to humans (1) . Investigations into Sir2 function in yeast have revealed that Sir2 is required for silencing at the mating-type loci (2, 3) , telomeres (2, 4, 5) , and ribosomal DNA (6 -10) . Sir2 has also been implicated in lifespan extension within yeast (11) (12) (13) and Caenorhabditis elegans (14) . Sir2 has been implicated in other cellular processes such as the repair of double-stranded breaks through nonhomologous end joining (15) , cell cycle progression, and chromosome stability (16) .
To date, all Sir2 family of histone/protein deacetylases examined strictly require ␤-NAD ϩ for activity (13, (17) (18) (19) . Interestingly, we (17) and others (20) had shown that histone/protein deacetylase activity was tightly coupled to the formation of a previously unidentified product, O-acetyl-ADP-ribose. Initial mass spectral data were consistent with the formation of Oacetyl-ADP-ribose (17) . We demonstrated that the deacetylation of substrate and the formation of O-acetyl-ADP-ribose were exquisitely coupled (17) . These findings suggested that O-acetyl-ADP-ribose could serve an important function in manifesting the previously reported biological effects of Sir2. In addition to this interesting possibility, it is important to understand how this reaction is accomplished by the Sir2 enzymes. To address this question, a detailed analysis of the produced O-acetyl-ADP-ribose is essential. The structure of O-acetyl-ADP-ribose was previously assigned as 1Ј-O-acetyl-ADP-ribose (17) , although other possibilities could be envisioned (17, 20) . This conclusion was based on precedent for the chemistry at the anomeric carbon of ribose. However, the exact position of the acetate on ADP-ribose had not been proven definitively.
In the current study, we present the structure of the proposed enzymatic product derived from the ␤-NAD ϩ -coupled deacetylation of histone tails, using rapid quenching techniques, mass spectrometry (MS), 1 and NMR structural analysis. Initial MS/MS analyses of O-acetyl-ADP-ribose indicated that the acetate moiety resided on the ribose ring to which nicotinamide had been attached in ␤-NAD ϩ . Purification of the steady-state enzymatic reaction products revealed the generation 2Ј-O-acetyl-ADP-ribose ( Fig. 1 ) and 3Ј-O-acetyl-ADP-ribose, which were identified and thoroughly characterized by one-and two-dimensional NMR techniques to assign the 1 H spectrum and obtain 13 C chemical shift data. To unequivocally identify the location of the acetate moiety in both compounds, 13 C-enriched (carbonyl carbon) 2Ј-or 3Ј-O-acetyl-ADP-ribose was generated by employing a coupled enzymatic system involving [2- 13 C]pyruvate, pyruvate dehydrogenase, the histone acetyltransferase P/CAF (p300/CBP-associated factor), and the yeast Sir2 homologue HST2. The 13 C-labeled 2Ј-and 3Ј-Oacetyl-ADP-ribose molecules were analyzed by HMBC, which revealed correlations only between the carbonyl carbon of acetate and the proton at C-2Ј or C-3Ј, respectively. Using rapid quenched flow methodology, we trapped 2Ј-O-acetyl-ADP-ribose on the enzyme surface, identifying this regioisomer as the authentic enzymatic product while demonstrating that 2Ј-and 3Ј-O-acetyl-ADP-ribose exist in rapid equilibrium in neutral or slightly alkaline solutions.
MATERIALS AND METHODS

Materials and Reagents-[2-
13 C]Pyruvic acid (a minimum of 99 atom % 13 C) and deuterium oxide (a minimum of 99.99 atom % 2 H) were purchased from Isotec Incorporated. ␤-NAD ϩ , thiamine pyrophosphate, coenzyme A, and pyruvate decarboxylase were purchased from Sigma. Histone H3 peptide, NH 2 -ARTKQTARKSTGGKAPRKQLC-COOH, and the Lys-14-acetlyated H3 peptide (AcLys-14), corresponding to the 20 amino-terminal residues of human histone H3, was synthesized by the Protein Chemistry Core Lab at Baylor College of Medicine (Houston, TX). For later experiments, truncated H3 peptide, NH 2 -KSTGGK(Ac)A-PRKQ-COOH was purchased from SynPep (Dublin, CA). Dithiothreitol was purchased from Roche Molecular Biochemicals Corporation. All other chemicals were purchased from Fisher unless otherwise noted and were of the highest purity possible. The reagents were used without further purification.
Expression and Purification of His-tagged HST2-The procedure used in the expression and purification of histidine-tagged full-length HST2 is a modification of that described by Tanner et al. (17) . In short, the plasmid containing His-tagged HST2 was transformed into BL21-DE3 competent cells and plated on 2ϫ YT agar medium containing 100 mg/liter ampicillin. Single colonies were used to inoculate 1 liter of 2ϫ YT production flasks containing 100 mg/liter ampicillin and incubated on a rotary shaker at 250 rpm at 35°C until an A 600 nm of 0.8 was obtained. The bacteria was induced by the addition of 100 mg of isopropyl-␤-D-thiogalactopyranoside/liter of production broth and incubated at room temperature on a rotary shaker at 250 rpm for 8 h. Cell lysis was accomplished using a French pressure cell with buffer containing 50 mM Tris (pH 8.0 at 4°C), 300 mM NaCl, 1 mM ␤-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and 5 g/ml aprotinin. Clarified cell-free extract was incubated with nickelnitrilotriacetic acid-agarose (10-ml bed volume) for 1 h at 4°C. The mixture was transferred to a small column and washed with 50 mM Tris (pH 8.0 at 4°C) containing 300 mM NaCl and 1 mM ␤-mercaptoethanol. HST2 was eluted using a 100-ml linear gradient of 0 -500 mM imidazole in 50 mM Tris (pH 8.0 at 4°C) containing 300 mM NaCl and 1 mM ␤-mercaptoethanol. The fractions were analyzed by SDS-PAGE to determine the location and purity of HST2. Fractions containing greater than 90% HST2, based upon densitometry, were pooled, concentrated, and dialyzed in 50 mM Tris (pH 7.5 at 37°C), 10% glycerol, and 1 mM dithiothreitol. Enzyme concentration was determined using the method of Bradford (21) , and the enzyme was stored at Ϫ25°C until needed.
Chromatography-A Beckman Biosys 510 high performance liquid chromatography (HPLC) system and a Vydac C18 (1.0 ϫ 25 mm) small pore preparative column (Vydac, Hesperia, CA) were used throughout the study. Compounds from the enzymatic reaction were separated using a gradient system comprising 0.05% aqueous tetrafluoroacetic acid (solvent A) and acetonitrile containing 0.02% tetrafluoroacetic acid (solvent B) using a constant flow rate of 4 ml/min. All of the mobile phases were filtered through a Millipore 0.20-m nylon filter (Millipore Corp., Bedford, MA) prior to use. Upon injection of the sample (up to 1 ml), the HPLC was run isocratically in solvent A for 5.0 min followed by a linear gradient of 0 -8% B over a 20-min period with the detector set at 260 nm. The gradient was then increased to 40% solvent B over a 20-min period. At 21 min after injection, the detector was switched to 214 nm to detect acetylated and deacetylated H3 peptide. The products derived from ␤-NAD ϩ (excluding ADP-ribose) had retention times (t R ) of 15-16 min, whereas the acetylated and deacetylated 20-amino acid H3 peptide had retention times of 28.1 and 28.8 min, respectively. The 11-amino acid H3 peptides had retention times of 18.3 and 21 min for the deacetylated and acetylated peptides, respectively. The compounds and peptides were collected directly from the HPLC after passage through the detector.
Enzymatic Reaction Conditions Utilized in the Formation of O-Acetyl-ADP-ribose-The assay conditions utilized in this study are modified from those published by Tanner and co-workers (17) . In short, HST2 (25 M) was mixed with ␤-NAD ϩ (350 M) and incubated at room temperature in the dark for 5 min at room temperature in 50 mM Tris buffer (pH 7.5 at 37°C). The AcLys-14 H3 peptide (525 M) was then added, and the reaction mixture (final volume, 1 ml) was incubated at 37°C for 1 h. The reaction was terminated by the addition of 10 l of tetrafluoroacetic acid for a final concentration of 1%. The products derived from ␤-NAD ϩ as well as deacetylated and acetylated H3 peptide were isolated using the HPLC protocol mentioned above.
Stability Studies of the O-Acetyl-ADP-ribose Derivatives Generated from the HST2-catalyzed Reaction-A 1-ml HST2 reaction was purified by HPLC using the above-mentioned protocol, and the two compounds having retention times of 15.3 (compound A) and 16.5 min (compound B) were isolated, respectively (3-ml sample volumes were obtained). A total of 200 l of the solution containing either compound A or B was reinjected into the HPLC and analyzed as previously described for the enzyme assays. Verification that each compound can be isolated independently of the other was achieved by co-injecting 200 l of the solution containing the 16.4-min compound (compound B) with 100 l of the solution containing the 15.5-min compound (compound A) using the HPLC conditions described above.
To determine whether the two compounds are interconvertible, 200 l of the solution containing either compound A or B was diluted in 800 l of 50 mM Tris (pH 7.5 at 37°C) buffer and incubated in the dark at 37°C for 10 min. The 1-ml sample was then analyzed by HPLC using the above-described method. A non-amine containing buffer was also examined. Specifically, Tris buffer was exchanged for phosphate-buffered saline (137 mM sodium chloride, 2.7 mM potassium chloride, 4.3 mM dibasic sodium phosphate, and 1.4 mM monobasic potassium phosphate, pH 7.3) and used to dilute a 200-l sample containing either the 15.5-or 16.5-min compound to a final volume of 1 ml. The sample was then analyzed by HPLC using the conditions mentioned above.
Determination of the Enzymatic and Solution-derived O-Acetyl-ADPribose Derivatives-Quenched flow analysis was performed under single-turnover conditions using HST2 to determine the enzymatic product. HST2 (20 M) and AcLys-14 H3 peptide (260 M) were rapidly mixed with 10 M ␤-NAD ϩ at room temperature in Tris buffer (pH 7.5 at 37°C) in a Hi-Tech rapid quenched flow device, RQF-63 (Hi-Tech Scientific, Salisbury, UK). After various times between 1 and 8 s, the reactions were quenched with tetrafluoroacetic acid to a final concentration of 1%, and the resulting sample (referred to as a "slug") was collected. Each time point was analyzed eight times, the slugs were combined (total volume, ϳ900 l), and the entire sample was analyzed by HPLC using the above-mentioned protocol.
Synthesis of [2- , thiamine pyrophosphate, MgCl 2 , and dithiothreitol was prepared fresh daily. A 10-fold stock solution of pyruvate dehydrogenase in 20 mM HEPES (pH 7.5 at 25°C) was also prepared fresh prior to use. All of the assay components except coenzyme A were incubated at 25°C for 5 min. The reaction was initiated by the addition of coenzyme A, and the reaction was incubated in the dark at 25°C for 20 min followed by the addition of 10 l of tetrafluoroacetic acid. The synthesized [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetyl H3 peptide was purified by HPLC using the same conditions outlined previously. Based upon the HPLC chromatogram, up to 95% conversion of H3 peptide to acetylated peptide was achieved. The labeled peptide was analyzed by matrix-assisted laser desorption ionization-time of flight mass spectrometry to determine the presence of the was also used as an external chemical shift reference (CH 3 ϭ 2.50 ppm, CH 3 ϭ 39.51 ppm). One-dimensional 1 H NMR spectra were obtained at 400.0 MHz on a Bruker DPX400 spectrometer. A two-dimensional double quantum filtered COSY (DQF-COSY) spectrum was obtained on a Bruker DPX400 spectrometer using a phase-sensitive mode with the spectral width of 1905.488 Hz. The spectrum was acquired with 512 and 2048 data points in frequency 1 and frequency 2 domains, respectively. The data matrix was zero-filled to 4,000 ϫ 4,000 and processed with a shifted sine square function. 13 C NMR spectra were obtained at 100.62 Hz on a Bruker DPX400 spectrometer. A two-dimensional heteronuclear single-quantum correlation (HSQC) spectrum was obtained on a Bruker DPX400 with the spectral widths of 20124.256 and 1905.488 Hz for the 13 C and 1 H dimensions, respectively. The data matrix was zero-filled to 2,000 ϫ 4,000 and processed with a shifted sine square function. A two-dimensional HMBC spectrum was obtained on a Bruker DPX400 with the spectral widths of 20124.256 and 1905.488 Hz for the 13 C and 1 H dimensions, respectively. The data matrix was zero-filled to 2,000 ϫ 4,000 and processed with a shifted sine square function.
RESULTS AND DISCUSSION
Analysis of O-Acetyl-ADP-ribose by MS-O-Acetyl-ADP-ri-
bose is a natural product produced from the coupled deacetylation of histones/proteins and the concomitant cleavage of ␤-NAD ϩ by the Sir2 family of histone/protein deacetylases (17, 20) . From the known chemistry of the anomeric carbon of ribose, we had initially proposed ␣-1Ј-O-acetyl-ADP-ribose as the enzymatic product produced by the Sir2 family of histone/ protein deacetylases. However, the location of the acetate moiety was not determined from the initial mass spectral data (17) . To provide evidence that the acetate moiety is located on the ribose ring from which nicotinamide had been attached, we initially used mass spectrometry to analyze enzymatically produced O-acetyl-ADP-ribose. Using authentic ADP-ribose as a generalized structure, it was conceivable that the acetate moiety resides on other potential acetylation sites within the ADPribose core structure. meric carbon at C-1Ј, C-2Ј, or C-3Ј), formally attached to nicotinamide.
Purification of O-Acetyl-ADP-ribose by HPLC-To identify the exact location of the acetate moiety in the enzymatically derived product, the procedure reported by Tanner et al. (17) was modified to obtain pure O-acetyl-ADP-ribose for analysis by NMR. When this new protocol was employed, we observed two products (compound A, t R ϭ 15.4; compound B, t R ϭ 16.5 min) that were found to flank the ␤-NAD ϩ (t R ϭ 16.0 min) in the HPLC elution profile (Fig. 2) . To determine which compound was the acetylated ADP-ribose derivative, both of the samples were submitted for mass spectral analysis and found to have identical molecular weights of 601 (m/z 602, M ϩ 1). This indicated that the product might be a mixture of two different stereoisomers or regioisomers. By analogy, ␣-NAD ϩ and ␤-NAD ϩ have significantly different retention times using this HPLC protocol, suggesting that compound A and B could also be stereoisomers. The ratio of the two compounds was determined as 52%:48% for compound A (t R ϭ 15.4 min) and compound B (t R ϭ 16.5 min), respectively, calculated from integration of the two peaks from the HPLC chromatogram. Collectively, these observations suggested either that both compounds were enzyme-derived or that one was enzyme-derived and the other was solvent-derived (nonenzymatic).
Stability and Equilibrium Studies of O-Acetyl-ADP-ribose-To determine whether either compound A or compound B could be interconverted nonenzymatically, stability and equilibrium studies of the two O-acetyl-ADP-ribose species were conducted in a variety of buffers and conditions. When either compound was purified by HPLC and subsequently reinjected into the instrument, no interconversion was observed (Fig. 3) . Similar results were obtained for compound B. However, when the compounds were isolated, lyophilized, and resuspended in either water or a slightly alkaline buffer (Tris (pH 7.5 at 37°C) or phosphate-buffered saline (pH 7.2-7.3)), interconversion of the two compounds was observed within 5 min and was maintained at the 52:48 ratio described previously (data not shown). The equilibrium process could be slowed, however, if the compounds were stored at low temperature (4 or Ϫ25°C) in water containing 0.05% trifluoroacetic acid. When compound A was stored in water at 4 or Ϫ25°C containing 0.05% tetrafluoroacetic acid for up to 4 h, less than 10% of the total material was present as compound B, based upon integration of the HPLC chromatogram. These observations indicated that the two compounds were in rapid equilibrium under neutral or slightly alkaline conditions and suggested that at least one of the compounds could be purely solvent-derived.
Trapping the Enzymatic Product-Because both compounds A and B existed in a rapid equilibrium under slightly alkaline reaction conditions, it was critical to determine which compound is formed by the enzyme and, therefore, the true enzymatic product of the reaction. Using a rapid quenched flow technique, single-turnover experiments were performed. HST2 and excess acetylated H3 peptide were rapidly mixed with substoichiometric amounts of ␤-NAD ϩ and subsequently quenched with trifluoroacetic acid at different time points. Several samples were taken for each time point, combined, and analyzed by HPLC using the modified protocol outlined under "Materials and Methods." Chromatograms from each time point (Fig. 4) indicated a clear decrease in the amount of ␤-NAD ϩ over time, whereas only compound B (t R ϭ 16.4 min) was detected and correlated with ␤-NAD ϩ consumption. No significant amounts of compound A were detected using this method. When the O-acetyl-ADP-ribose derived from the quenched flow experiment (t R ϭ 16.4 min) was isolated, lyophilized, and resuspended in Tris buffer, both species were observed upon subsequent HPLC analysis (data not shown). To verify that the species produced in the quenched flow experiment was the same as that observed under steady-state conditions, the quenched flow species was collected and co-injected with purified compound B. Upon co-injection, the HPLC chromatogram revealed co-elution of the two species, indicating that both were identified as compound B. These experiments provided strong evidence that compound B is formed on the enzyme surface and, upon release from the active site into bulk solvent, exists in an equilibrium with compound A.
NMR Analysis of ADP-ribose, 2Ј-O-Acetyl-ADP-ribose, and 3Ј-O-Acetyl-ADP-ribose-
To help provide the proper assignments in the NMR structural analyses of products A and B, we carried out first a complete characterization of authentic ADPribose, the parent molecule of products A and B. We reasoned that the 1 H and 13 C NMR spectra of both compounds would be very similar to that of ADP-ribose, with the only major differences expected with the proton that is directly attached to the carbon baring the acetate moiety. Because the acetate moiety is more electron-withdrawing than the corresponding hydroxyl group, a downfield shift in the resonance of the proton directly attached to the carbon baring the acetate moiety would be observed. This would also be the case concerning the 13 C spectrum. Because no chemical shift data of ADP-ribose could be found in the literature, ADP-ribose was first characterized using both one-and two-dimensional NMR experiments. Instead of D 2 O, Me 2 SO-d 6 was selected as the NMR solvent of choice, eliminating many problems associated with the location of the water signal (HDO ϭ 4.8 ppm) and lack of an external 13 C reference. Initially using D 2 O as the solvent, the water signal was located among the resonances associated with the compound, making interpretation more difficult. In addition, greater stability of the acetylated compounds was observed in Me 2 SO-d 6 . Also of significance, the ␣-and ␤-isomers of ADPribose existed as roughly a 55:45 mixture in D 2 O, but that ratio was shifted to ϳ80:20 when the solvent was switched to Me 2 SO-d 6 , further simplifying the spectra. Using Me 2 SO-d 6 , the 1 H NMR spectrum of ADP-ribose (see the supplemental material) was assigned based upon correlations observed in the DQF-COSY (see the supplemental material) as presented in Table I . The 13 C chemical shift data were assigned using a HSQC (see the supplemental material) experiment, which de- b Chemical shifts were assigned in part using correlations observed in the HSQC and 13 C NMR experiments. c NA, not applicable.
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NMR of compound B showed a mixture of compound A and B in both D 2 O and Me 2 SO-d 6 , indicating that a conversion from compound B to compound A had occurred during the brief sample preparation period before NMR analysis. This was evident by the presence of two distinct doublets at 4.98 and 5.04 ppm, respectively (Fig. 5A ). Compound B was further characterized by DQF-COSY (see the supplemental material) and HSQC experiments (see the supplemental material) to assign both the 1 H spectrum and obtain 13 C chemical shift data (Table  II) . As initially proposed, the proton at C-2Ј was located much further downfield in comparison with the same proton found in ADP-ribose. The large downfield change in the chemical shift of proton C-2Ј in compound B, compared with the identical proton at C-2Ј of ADP-ribose, strongly suggested the presence of the acetate moiety at C-2Ј.
Analysis of compound A by 1 H (Fig. 5B ) and DQF-COSY (see the supplemental material) as described for compound B revealed a noticeable difference in the chemical shift of the proton at H3Ј in comparison with the identical proton in ADP-ribose (Table III) . Using the same rationale for compound A that was applied to compound B, the dramatic change in chemical shift for proton H3Ј in compound A would suggest that the acetate residue resides at this position.
To unambiguously determine the location of the acetate residue within compounds A and B, the samples were analyzed by HMBC spectroscopy. The HMBC experiment detects protoncarbon connectivities through couplings over two or three bonds ( n J CH , n ϭ 2 or 3) and will unambiguously identify the location of the acetate moiety within the compound. These bonds can be carbon-carbon or carbon-heteroatom (nitrogen or oxygen). Two bond couplings typically have magnitudes of 5-60 Hz, whereas three bond couplings are typically much smaller in magnitude (Ͻ5 Hz). Four bond couplings are difficult to observe because the magnitude of the carbon-hydrogen coupling is typically less than 1 Hz. As a comparison, typical single bond carbon-hydrogen couplings, as are observed in the HSQC experiment, are in the range of 100 -150 Hz. The long range couplings that are expected for 2Ј-O-acetyl-ADP-ribose are presented in Fig. 6 . Regardless of the actual location of the acetate residue, the important correlation that will identify the location of the acetate occurs between the carbonyl carbon of acetate and the coupled hydrogen located on one of the carbon atoms of the ribose ring.
To increase the sensitivity of the HMBC experiment for the analysis of 2Ј-and 3Ј-O-acetyl-ADP-ribose, the enzymatic synthesis of enriched [1- 13 C]acetate-labeled ADP-ribose was initiated. [1- 13 C]Acetyl H3 peptide was first prepared using a coupled enzyme assay that was originally developed in the laboratory (22) . Both 2Ј-and 3Ј-O-acetyl-ADP-ribose were enriched with 13 C at the acetate carbonyl using 1-13 C-labeled H3 peptide generated as presented in Fig. 7 . Briefly, [1- 13 C]acetyl coenzyme A is initially generated through the use of pyruvate dehydrogenase and [2-
13 C]pyruvic acid. The labeled acetyl-CoA thus formed is consumed in the subsequent coupled reaction by the acetyltransferase P/CAF to specifically acetylate Lys-14 of the H3 peptide. The resulting 13 C-labeled H3 peptide was pu- a Chemical shifts were assigned using correlations observed in the DQF-COSY experiment.
b Chemical shifts were assigned in part using correlations observed in the HSQC, HMBC, and 13 C NMR experiment. c NA, not applicable. a Chemical shifts were assigned using correlations observed in the DQF-COSY experiment.
b Chemical shifts were assigned in part using correlations observed in the HSQC, HMBC, or 13 C NMR experiment. c NA, not applicable.
FIG. 6.
A schematic diagram of the potential carbon-hydrogen connectivities that can be observed in the HMBC experiment. 2Ј-O-Acetyl-ADP-ribose has been used as the example. Observable three-bond correlations include the proton at C-2Ј to the acetate carbonyl, whereas four-bond correlations include the proton at C-1Ј or C-3Ј to the acetate carbonyl.
rified by HPLC using the standard protocol (17) and 13 C incorporation confirmed by mass spectrometry (data not shown). The labeled peptide was used to generate 1-13 C-labeled compounds A and B, which were combined with unlabeled 2Ј-Oacetyl-ADP-ribose and 3Ј-O-acetyl-ADP-ribose to obtain up to 14% enriched material.
Analysis of 13 C-labeled compound A by HMBC resulted in a strong correlation observed between the carbonyl carbon of acetate (169.9 ppm) and the proton at 4.91 as presented in Fig.  8A . This proton resonance, as reported in Table III , corresponds to the H3Ј proton of 3Ј-O-acetyl-ADP-ribose and confirmed that the acetate moiety resides on C-3Ј of the ribose ring from which nicotinamide had been attached. Also observed was a very small correlation between the acetate carbonyl (169.9 ppm) and the H2Ј proton of 2Ј-O-acetyl-ADP-ribose, indicating that the slight interconversion between 3Ј-and 2Ј-O-acetyl-ADP-ribose had occurred during the preparation of the sample. This was confirmed upon reinjection and analysis by HPLC. Analysis of 13 C-labeled 2Ј-O-acetyl-ADP-ribose (compound B) by HMBC resulted in a major correlation between the proton at 4.74 ppm and the acetate carbonyl at 170.0 ppm (Fig. 8B) . A smaller correlation was observed between a proton at 4.91 ppm and the acetate carbonyl at 169.9 ppm, representing a slight amount of 3Ј-O-acetyl-ADP-ribose, which had interconverted during the work-up. Again, this was verified by reinjection and analysis by HPLC. The presence of strong correlations between the acetate carbonyl and the proton at C-2Ј for 2Ј-O-acetyl-ADP-ribose or C-3Ј for 3Ј-O-acetyl-ADP-ribose unequivocally identifies the location of the acetate moiety in both compounds. Collectively, these results indicate that 2Ј-O-acetyl-ADP-ribose is the authentic enzymatic product and, upon expulsion of 2Ј-O-acetyl-ADP-ribose from the active site, rapidly equilibrates to form 3Ј-O-acetyl-ADP-ribose through an intramolecular transesterification reaction.
Conclusion-In the present study, we have identified 2Ј-and 3Ј-O-acetyl-ADP-ribose as the enzymatic products produced by the Sir2 family of histone/protein deacetylases. The structures of 2Ј-O-acetyl-ADP-ribose and 3Ј-O-acetyl-ADP-ribose have been confirmed using both one-and two-dimensional NMR techniques. Interestingly, 2Ј-and 3Ј-O-acetyl-ADP-ribose are not stable regioisomers, because both were shown to exist in a rapid equilibrium with the other. Using rapid quenched flow techniques, we demonstrated that 2Ј-O-acetyl-ADP-ribose is formed by the enzyme and equilibrates to 3Ј-O-acetyl-ADPribose in aqueous solvents. During the preparation of this manuscript, an independent research group published an accelerated report on the structural analysis of 2Ј-and 3Ј-Oacetyl-ADP-ribose (23) . Their structural conclusions were based upon nuclear Overhauser effects observed between the methyl hydrogens of acetate and the hydrogen atoms residing at C-2Ј or C-3Ј. Unfortunately, because this is an indirect structural method, it is difficult to make unambiguous assignments. Nuclear Overhauser effects result from through-space interactions between hydrogen atoms and, as such, can be misleading when various structural conformations can produce different nuclear Overhauser effects. The HMBC experiment utilized in our study is a direct technique that relies on scalar couplings within the molecule and therefore specifically identifies only those nuclei that are coupled, precisely pinpointing the location of the acetate residue.
The fact that both 2Ј-and 3Ј-O-acetyl-ADP-ribose exist in equilibrium was interesting, and several examples can be found in the literature in which acyl migration occurs nonenzymatically under mild conditions. For example, several groups have studied the stability and/or acyl migration of many O-acyl glucuronides (24 -27) . In all of these cases, acyl migration occurs when the hydroxyl groups on the glucose ring are roughly in the same plane. Where the ribose hydroxyls are also on the same plane of the furanose ring, acyl migration would be expected as well, so long as the acetate that is transferred is placed on the same face as the hydroxyl groups. Sauve and co-workers (23) reported on the CD38-catalyzed synthesis of ␤-1Ј-O-acetyl-ADP-ribose. This regioisomer was described as being very stable and did not generate 2Ј-and 3Ј-O-acetyl-ADPribose in solution under the conditions studied, likely because of the juxtaposition of the acetate relative to the hydroxyl groups on the furanose ring. The recently reported crystal structure of Af1-Sir2 (from Archaeoglobus fulgidus) bound with ␤-NAD ϩ suggests that the acetyl group from the acetylated lysine residue is transferred opposite to nicotinamide departure, either in a S N 1 or S N 2 fashion (28). This would place the acetyl group on the same face (␣ face) of the ribose ring as the 2Ј and 3Ј hydroxyl groups. This would further allow nonenyzmatic transesterification between the 2Ј and 3Ј positions, as has been observed in this study as well as that conducted by Sauve et al. (23) . Several potential catalytic mechanisms for the formation of 2Ј-O-acetyl-ADP-ribose can be proposed (Fig. 9) .
Given the results obtained from the quenched flow study, 2Ј-O-acetyl-ADP-ribose appears to be the first product released from the active site of the Sir2 family of histone/protein deacetylases. These data are contrary to the conclusions made in previous reports, which proposed that 1Ј-O-acetyl-ADP-ribose is the most likely enzymatic product (17, 20) . If indeed 2Ј-O-acetyl-ADP-ribose is the first product expelled from the enzyme, two different mechanisms for the formation of 2Ј-Oacetyl-ADP-ribose could be envisioned (Fig. 9, A and B) . Beginning with ␤-NAD ϩ (Fig. 9A) , the reaction may be initiated through the activation of the C-2Ј hydroxyl group, which may be facilitated by a general base catalyst. A logical candidate for a general base is a conserved histidine residue, which was found to hydrogen bond to the 3Ј hydroxyl of ribose in the Af1-Sir2 ␤-NAD ϩ -bound structure (28) . However, the location of this side chain has not been determined in the bi-substrate complex. Although a concerted mechanism is illustrated in Fig.  9A , release of nicotinamide and generation of an oxocarbenium ion may also occur (via S N 1 mechanism) prior to attack of the amide carbonyl by the hydroxyl group at C-2Ј. Regardless of the initial mechanism, a reactive acetonide intermediate would thus be formed. Reaction of the acetonide with an active site water molecule could ultimately generate the deacetylated product and 2Ј-O-acetyl-ADP-ribose. Once in solution, 2Ј-Oacetyl-ADP-ribose would then undergo an intramolecular transesterification reaction (acyl migration) to generate and then maintain an equilibrium with 3Ј-O-acetyl-ADP-ribose. Alternatively, an amidate at C-1Ј could be initially formed from the displacement of nicotinamide, possibly through a stepwise (S N 1) or concerted (S N 2) mechanism (Fig. 9B) . The activated hydroxyl group at C-2Ј could then react with the amidate carbonyl, forming the same acetonide intermediate as shown in Fig. 9A , and subsequently form 2Ј-O-acetyl-ADP-ribose.
A third mechanism illustrates the initial formation of ␣-1Ј-O-acetyl-ADP-ribose (Fig. 9C) . Instead of the 2Ј hydroxyl group acting as the nucleophile that reacts with the amidate carbonyl, an activated water molecule could also perform the same reaction. Condensation of the resulting intermediate would then generate ␣-1Ј-O-acetyl-ADP-ribose and the deacetylated peptide directly. Although it is possible to generate ␣-1Ј-Oacetyl-ADP-ribose as illustrated in Fig. 9C , this mechanism seems unlikely because of the lack of detecting ␣-1Ј-O-acetyl-ADP-ribose in the quenched flow experiments, in the HPLC analysis of steady-state reactions, or in analysis of 2Ј-O-acetyl-ADP-ribose by NMR. In addition, Sauve and co-workers (23) reported no observable formation of ␣-1Ј-O-acetyl-ADP-ribose during low temperature NMR studies. However, the apparent absence of ␣-1Ј-O-acetyl-ADP-ribose from these experiments does not exclude the possibility of its formation. If acyl migration between ␣-1Ј-O-acetyl-ADP to 2Ј-O-acetyl-ADP-ribose were very fast and were thermodynamically preferred, only 2Ј-Oacetyl-ADP-ribose would be detected using our experimental conditions. Although acyl migration could be facilitated by the enzyme, it can also occur nonenzymatically, in a fashion analogous to that observed between 2Ј-and 3Ј-O-acetyl-ADP-ribose. In solution, the lack of formation of ␣-1Ј-O-acetyl-ADP-ribose during the equilibration of 2Ј-and 3Ј-O-acetyl-ADP-ribose would suggest that formation of the ␣-1Ј-isomer is thermodynamically unfavorable. Optical rotation measurements of O-methyl D-ribofuranoside demonstrated an 80:20 mixture of the ␤-isomer and the ␣-isomer, respectively (29) . This indicates that the ␤-O-methyl D-ribofuranoside isomer is the more thermodynamically favorable isomer, the rationale of which could be applied to the formation of the O-acetyl-ADP-ribose regioisomers.
A detailed examination of the mechanism employed by the 
